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The problem of temper embrittlement has accompanied the use of alloy 
steels for a number of decades and has been thoroughly studied and 
documented [1,2,3,4]. Temper Embrittlement (used here to include the 
phenomenon of Stress Relief Embrittlement) is the decrease of impact 
toughness which occurs in susceptible commercial grade alloy steels when 
they are heated within or slowly cooled through the embrittling 
temperature range of approximately 371 to 599 degrees C (700 to 1110 
degrees F). It is caused by migration of impurity elements such as 
sulphur, phosphorus, tin, antimony and arsenic to prior austenite grain 
boundaries and is primarily encountered during post-fabrication heat 
treatments such as those used to relieve residual stresses. Studies show 
that, although these embrittling elements are typically present in bulk 
weight percentage concentrations of 20 to 200 ppm, grain boundaries of 
embrittled steel can contain concentrations that are 1 to 2 orders of 
magnitude greater due to segregation during heat treatment. This is 
determined by using Auger electron spectroscopy of fracture surfaces of 
embrittled test samples broken and analyzed in vacuum. Approximately 500 
angstroms of material are typically removed from the fracture surfaces by 
ion milling before the concentration returns to that of the bulk material. 
Temper embrittlement does not occur in high purity steels [2]. 
Unfortunately, manufacturing of high purity alloy steels is prohibitively 
expensive and is done primarily when research grade material is needed. 
The alloy examined in this study is commercial grade HY80 (Ni-Cr-Mo-V) 
casting steel [5] containing various impurity elements which can cause 
temper embrittlement. Steels such as HY80 [6,7] have been given 
considerable attention regarding temper embrittlement due to their 
extensive use and due to continuing trends toward components requiring 
high yield strength and high impact toughness. 
Presently, measurement of temper embrittlement involves destructive 
mechanical testing [8]. For an existing component this requires cutting a 
piece from the component, machining samples and breaking them in an impact 
test machine to measure impact toughness. This is an expensive process 
which also leaves a hole in the component that must be filled with weld 
material. A nondestructive test technique is needed to replace the present 
destructive technique to detect loss of impact toughness by temper 
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embrittlement in steels. This paper presents the results of preliminary 
research at NASA Langley Research Center leading to identification of a 
nondestructive test technique for detecting temper embrittlement in HY80 
steel. This technique measures magneto-acoustic emission (MAE) associated 
with reversible domain wall motion at low magnetic fields. The objective 
of this project is to develop a laboratory measurement system with 
accompanying science base that will establish ground work leading to 
development of a field-usable technique for nondestructively assessing 
temper embrittlement in large cast components without removal from 
service. 
MATERIAL AND SAMPLES 
Commercial grade HY80 casting steel [5] is a quenched and tempered 
martensite made using the basic electric arc melting process. Water 
quenching from the austenite range forms martensite with some retained 
austenite and possibly some pearlite and bainite depending on the cooling 
rate during quenching. This quenched material is then tempered at 649 to 
691 degrees C (1200 to 1275 degrees F) to obtain the desired toughness 
while producing a yield strength of approximately 80ksi. Significant 
temper embrittlement usually does not occur until after quenching and 
tempering. It is primarily brought about by post-fabrication heat 
treatment for stress relief which, unfortunately, requires heating within 
the embrittling temperature range. 
Test samples used in this study are taken from an argon oxygen 
decarburizing (AOD) processed material which is poured into a large test 
block. Metallurgical analysis shows 0.0234 cm grain size and chemical 
composition weight percentages including 2.88 Ni, 1.40 Cr, 0.52 Mo, 0.009 
v, 0.15 C, 0.20 P, 0.008 S, 0.006 Sn, 0.006 As and less than 0.002 Sb. 
This unembrittled quenched and tempered test block is cut into six slabs. 
Slab number 6 is left unembrittled and slabs 1 thru 5 are heat treated at 
538 degrees C (1000 degrees F) for 1, 5, 24, 50 and 100 hours, 
respectively, to produce a different amount of embrittlement in each slab. 
Standard Charpy V-Notch (CVN) impact test samples [8] and NDE research 
test samples are machined from each of the six slabs following the 
embrittling heat treatments. 
The 6 bar-shaped NDE research test samples are 9.208 +/- 0.005 cm. 
long by 1.598 +/- 0.003 cm. wide by 1.280 +/- 0.003 cm. thick with faces 
machined smooth, flat and parallel'. The research test samples are 
forwarded to NASA Langley where surfaces are lapped using 5 micron alumina 
grit on 0.635 cm (1/4 inch) thick glass. 
Impact toughness is measured at -73, -18 and -1 degrees C (-100, 0 
and +30 degrees F) test temperatures using a standard pendulum impact 
energy test machine [8]. In Fig. 1, results of tests conducted at -1 
degree C indicate a dramatic loss of impact toughness with heat treatment. 
Examination of CVN fracture surfaces shows the expected transgranular 
fracture for the unembrittled material and intergranular fracture for the 
embrittled material. In contrast to these large changes in the impact 
toughness, other mechanical properties such as hardness, yield strength 
and ultimate strength change very little with these embrittling heat 
treatments. 
EXPERIMENTS 
In Fig. 2, laboratory 60 Hz, 110 volt power stabilized by a line 
power regulator and adjustable by a variable transformer (variac) supplies 
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Fig. 1. Impact toughness vs. heat treatment time for CVN samples from 
slabs heat treated 0, 1, 5, 24, 50 and 100 hours, respectively, at 
538 degrees C and broken at -1 degree C. 
power through a step-down isolation transformer and switchbox to a pair of 
water-cooled electromagnets. The step-down isolation transformer decreases 
variac output to 28 volts maximum and provides isolation from the 
electrical service. The switchbox is IEEE488 interfaced and turns magnet 
power on and off by computer command. The electromagnets externally apply 
a 60 Hz alternating magnetic field to the test sample. 
Output of a magnetic induction pickup coil surrounding the test 
sample is read by an rms voltmeter and is used to duplicate magnetic field 
intensity in the test material from one sample to the next. An acoustic 
emission (AE) transducer with a resonant frequency of 175 KHz is 
acoustically coupled to the sample. The AE transducer is shielded against 
magnetic field interference [9,10] by two layers of 0.904 inch thick 
Mu-Metal. The AE signals from the transducer are amplified 60 dB and 
filtered to pass frequencies from 125 kHz to 1 MHz. AE signals are 
measured by a Hewlett Packard 3400A rms voltmeter, thereby making it 
possible to determine the rms power detected by the AE transducer. This 
information is used in setting up each measurement to assure that the AE 
transducer is well bonded to the sample. The test apparatus includes foam 
rubber pads that acoustically isolate the sample from the magnets and also 
includes conducting straps that ground the sample and magnets to eliminate 
effects found to influence the MAE measurements. 
The amplified AE signal is further amplified 40 dB. A sample/hold and 
timing generator system establishes a 10 microsecond time window that can 
be positioned to select voltages at the desired point in time relative to 
the AE signal pattern. An oscilloscope is used to observe the AE signal 
forms and the sample/hold marker (the oscilloscope and sample/hold are 
both triggered synchronous with the ac line). Fig. 3 shows a typical AE 
envelope pattern seen on the oscilloscope. The AE envelope peaks 120 times 
per second corresponding to the magnetic field passing through zero 120 
times per second. For these tests, the sample/hold is positioned to select 
voltages at the peak of the AE signal envelope and a lab computer records 
20000 voltages within the time window for each sample. 
RESULTS AND DISCUSSION 
The 20000 AE pulse heights obtained for each test sample are divided 
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Fig . 2. System for measuring magneto-acoustic emission (MAE). A transducer 
detects AE generated by alternating magnetic field. A lab computer 
reads AE signals from a voltmeter-sample/hold arrangement. 
Sampie/ hoid 
Fig . 3. AE pattern resulting from magnetic field alternating at 60 Hz. A 
sample/hold system samples voltages at the AE envelope peak. 
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among 41 equal voltage intervals and the resulting distributions are 
plotted. In Fig. 4 histograms for HY80 in the unembrittled (not heat 
treated) and the embrittled (heat treated 1 hour) conditions are shown in 
the left and right hand graphs, respectively. Data outside the center 
electronic noise region of the pulse height distribution is fitted by a 
gaussian distribution function. The center region of the pulse height 
distribution is not used in the gaussian fit because it is rich in 
electronic (background) noise not generated by the test sample. This 
center background noise region is identified by generating a separate 
histogram without applying power to the electromagnets. The full width at 
half maximum (FWHM) is obtained from the fitted equation for each sample 
and is plotted vs impact toughness in Fig. 5 thereby showing differences 
in pulse height distribution (i.e. histograms for embrittled steel are 
wider than those for unembrittled steel). These observed difference in 
pulse height distribution indicate that the embrittled steels produce more 
of the larger AE events than does the unembrittled steel. 
These results led to a preliminary model based on the concept that 
grain boundaries of embrittled steel are larger obstacles to magnetic 
domain wall motion than are grain boundaries of unembrittled steel. The 
phenomenon of embrittled steel producing more of the larger AE events than 
does unembrittled steel can be explained in terms of the 
magnetoelastic-type interaction between domain walls (mostly 90 degree 
domain walls) and grain boundaries. The applied alternating magnetic field 
causes discontinuous motion of magnetic domain walls [10,11] as they cross 
over effective potential barriers such as grain boundaries which resist 
domain wall motion. This results in generation of stress pulses (AE 
events), particularly when 90 degree domain walls move since this 
interaction results in sudden 90 degree changes in unit cell elongation 
direction. The action of magnetic domain walls jumping across larger 
obstacles produces larger AE events. The enhanced concentration of tramp 
materials at grain boundaries [12] of embrittled steel is proposed herein 
as the cause of these grain boundaries being larger obstacles to domain 
wall motion than are grain boundaries of unembrittled steel. 
To add support to the preliminary model, magnetic retentivity 
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Fig. 4. Histograms of 20,000 AE pulse heights divided among 41 equally 
spaced voltage intervals. Histograms for embrittled HY80 steel, 
such as that shown in the right hand graph for HY80 heat treated 1 
hour, are wider than histograms for unembrittled HY80 steel. 
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Fig. 5 . Plot of full width at half maximum (FWHM) vs. impact toughness 
showing that histogram shape is influenced by temper 
embrittlement . 
(remanence) is measured after simple modification of the system to allow 
generation of magnetization curves. For this measurement, a dc power 
supply provides current to the magnets while an integrating flux meter 
reading output of a calibrated pickup coil measures magnetic induction in 
the test sample. Each sample is initially demagnetized using a degaussing 
procedure . Following demagnetization, incrementally increasing magnet 
current is applied until the test sample is magnetically saturated. Magnet 
power is then incrementally decreased to zero and the amount of magnetic 
field retained after turning the magnet off is measured . Results of the 
magnetic retentivity measurements are shown in Fig . 6 where remanence, 
expressed in kilogauss (KG), for each of the six samples is plotted 
against known impact toughness. These results show that when the 
externally applied magnetic field is removed, the embrittled samples 
retain more magnetic field than does the unembrittled sample. 
These remanence test results point to the same explanation as did the 
MAE results and can be explained in terms of the magnetoelastic 
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Fig . 6. Plot of remanence vs. impact toughness showing that retentivity is 
influenced by temper embrittlement . 
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interaction with grain boundaries. By driving the material to magnetic 
saturation, magnetic domain walls are forced to cross over grain 
boundaries. Upon removing the applied field, magnetic domain walls 
attempt to move back across grain boundaries and, in doing so, hang up 
more on grain boundaries of embrittled steels than on grain boundaries of 
unembrittled steel. This further supports the model basis that grain 
boundaries of embtittled steel are larger obstacles to domain wall motion 
than are those of unembrittled steel. 
For additional differentiation between embrittled and unembrittled 
specimens, the raw histograms from the MAE tests (Fig. 4) are subtracted 
from each other and the area enclosed by the number distribution is 
calculated as follows: Histograms from two separate measurements obtained 
for the unembrittled steel with the transducer re-bonded for each 
measurement are subtracted from each other. Results are shown in the left 
hand graph in Fig. 7. The unembrittled sample histogram is then subtracted 
from histograms for each of the embrittled steels and the enclosed areas 
associated with these subtractions are calculated. Result of subtraction 
for a test sample heat treated one hour is shown in the right hand graph 
in Fig. 7. In Fig. 8, these enclosed areas are plotted against impact 
toughness. These measurements show that by duplicating the magnetic power 
level in samples of identical geometry taken from the same quenched and 
tempered casting and using the same transducer consistently well bonded, 
differences in MAE corresponding to temper embrittlement are observed that 
allow distinction between unembrittled and embrittled HY80 steel. 
CONCLUSIONS 
This study shows that magnetic and magnetoacoustic properties of HY80 
appear to be influenced by temper embrittlement. A preliminary model has 
been developed based on the concept that the same segregation of tramp 
materials at grain boundaries that causes temper embtittlement also 
increases grain boundary resistance to domain wall motion. This increased 
resistance of grain boundaries to magnetic domain wall motion causes an 
increase in the number of larger AE events generated by magneto-acoustic 
emission as observed experimentally. Additional testing is required to 
broaden the science base for this work and is to include characterizing 
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Fig. 7. Results of histogram subtraction. Area enclosed by number 
distribution is used to compare embrittled samples to unembrittled 
sample. 
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Fig. 8. Enclosed area vs. impact toughness. 
stress effects [11] and temperature effects. Also, test samples from an 
HY80 casting having different metallurgical characteristics such as grain 
size and impurity concentrations are being obtained for comparison of 
measurement results. 
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